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FOREWORD

This report summarizes the results of research performed by
H1ler Aircraft Corp. under Army Contracts DA 4L~177~TC-500 and
DA L4=177-TC-655. The test data are presented in THEC Technical
Reports 60-58, 60-67, and 61-34

This work represents a part of
& research program, still in progress, which is devoted to the

determination of the flow patterns and characteristics of the
downwash induced by helicopters and VTOL vehicles as well as

to the evaluation of the resultant effects of the downwash on the
aircraft, supporting equipment, personnel, and landing area,

A narrated 16-millimeter motion picture filr has been
prepared, showing some. of the tests couducted and results observed

during the test program, and can be obtained on a loan basis by
addressing requests to:

Commanding Officer

U. 8. Army Trancpartation Research Coummand
Fort Eustis, Virginia.

The report has been reviewed by this Command and is ccnsidered
to be technically sound, The report is published for the exchange
of information and the stimulation of ideas

FOR THE COMMANDER s

APPROVED BY:

Yy i
i K J/zfz Lo Q,%\,a/:ilcam e
ROBERT R. GRAHAM ROBERT B. MERCER
USATRECOM Project Engineer Captain, TC

Asst Adjutant
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= wave amplitude feet
E Ah = duet exit flow area square feet
. § c = gonstant none
. E
: = D = jet diameter feet E
§ Dp = propeller diameter feet
% Dy » diameter of eroded area feet g
E. £
g f = wave frequency c.p.s. 3
z h = height measured from the undisturbed
z impingement surface feet :
K = constant appropriate §
: : m = mass flow rate slugs per second 2
P = Jocal pressure pounds per square foot H
P, =  ambient pressure pounds per square foot é
Py = total pressure pounds per square foot ’
q = Jocal dynamic pressure pounds per square foot
m = mean dynamic pressure in
the free jet at the
source pounds per square fpot -
Gmax = meximum surface dynamic E
pressure at survey i
location under z
consideration pounds per square foot E
£
! 3
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M = the maximum dynamic
pressure in the flow
field produced by a

Jet or rotor pounds per square foot
acr = gurface dynamic pressure

required to initiate

erosion pounds per square foot
R = radius feet
T =  thrust ’ pounds
VL = volume loading (-Rarticle volume ) inches

(max.projected area)

W = disk loading (T/A) pounds per square foot
X = redial distance measured along the

surface from the impingement point feet
¥y = distance measured along the impingement

surface from the geometric center of

non-¢cirgular configurations feet
z = vertical height of the developed free

jet abhove the surface feet
e = thrust axis inelination degrees
g »= azimuth measured in the surface plane in

a clockwise direction from the propeller

axis projection, from a direction aleng

the plowed furrows, or from the major

axis of a configuration degrees

Nomeneclature Used for Soil Condition

I Lean Clay (CL)
A, Bladed Section
B. Plowed Section (Flat)
C. Plowed Section (Furrowed)
D. Orassy Area (Unmowed)
E, Grassy Area (Freshly Mowed)

viii
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II Fat Cley (CH)
A. Veathered

B. Bladed
III Sand (SP)

A. Dry

B. Vet

IV Sandy Gravel (GW)
A. As Deposited
B. Sprinkled and Compacted

V Water
A. Fresh

This system of soil condition nomenclature was used to provide a
complete cross reference between this report and References 2 and
3. A single designation wvas used which consiste of:

1) A Roman numeral that designates the type of soil.
2) An alphesbetical symbol that designates the soll preparation.
3) The test number assigned st the time the test was conducted.

A designation can consist of the first two parts when reference is
made to a series of tests.

Example: Data designated I B 25,

Tis data refers to test number 25, which was conducted over a plowed
flat surface of lean clay.
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This report summariges the results of previous tests, whish ineluded
disk loadings from 2 to 150 pounds per square foot and Z/D ratios
from .25 to 3. During th's testing velocity surveys over non-
eroding surfaces, srosion rates for various solls, and deflectlons
in water surfaces were obtained. The configurations uged in the
tests were: open propellers, ducted propeller, side by side jets,
and Ground Effect Machines (GEM) of the plenum and annular nozzle
type. .

When considering a e¢ircular Jet impinging normal to a smooth sur-

face under no wind conditions, and for radial distances greater than

two and one-=half times the jet radius, the following conclusions can be mades
The velocity parallel to the surface depends upon the total thrust and not
upon the disk loading, The field maximum surface velocity is a function of
disk loading and 2/D. The radial surface jet thickness jincreases linearly
with the distance from the impingement point,

Although the surface dynamic pressure, at large radlal distances,

is proportional to the total thrust, it is the field maximum dynamic
pressure that initiates the erosion. The onset of erosion is there-
fore determined by the disk loading, 7/D, and the critical dynamic
pressure for the particular surface.

Light surface winds will deflect the radlal jet above the surface and
transport small particles back to the impingement erea, This in-
stitutes considerable operational difficulty.

With the exception of gravel most natural surfaces erode at surface
dynamlc pressures below 3 or above 150 pounds per square fooct. Rela-
tively free surface material; il.e.,sand, dust, water, etcetera, erode
when the surface dynamic pressure 1s 3 or less. Packed sod, concrete,
macadam, vegetation, etcetera, will all withstand surface dynmamic
pressures in excess of 150 pounds per square foot., Obviously loose
surface dust, water, etcetera, willl be blown free.

Gravel is normally composed of a large range in particle slzes, for
example the gravel used in these tests had particle sizes from .05
millimeters to LO millimeters, Low disk loadings move the very
light particles. This erosion may decrease with time. At disk
loadings of 60 to 100 pounds per square foot the erosion rate was
rapid and the largest particles were blown free of the eroding area.

Saturating sand with water decreased the erosion rate considerably;
at a disk loading of 125 pounds per square foot the activity con-

sisted of a continuous process of drying and then eroding of the
surfeace.
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If a homogenous surface is assumed the two paraemeters, the surface
critical dynamie pressure and field maximum dynamic pressure (qFM),

determine if erogion will be encountered. The field maximum dynamie
pressure varles directly with disk loading and inversely but in a
non~linear fashion with 2/D.

When a circular jet is formed as a result of producing lift, the
maximum surface dynamic pressure, at radial distances greater than
x/R = 2.5, is dependent upon the total thrust. The thickness, or
height, of the radial flow depends upon the distance from the impact
pq;nt;ég.e., the zero veloclty line 1s given by h = Cx where .250 =
C = ,260.

Deviations in the surface from the smooth flat surface used in the
velocity survey tests do not have a large effect on the fleld maxi-
mum dynamlic pressure, or the onset of erosion.

Additional velocity survey data is required to evaluate the influence
of surface winds or forward velocity, ~hanges in jet geometry, and
contoured surfaces designed Lo minimize the surface area that must

be protected to prevent erosion.

Each surface will have at least one critical dynamic pressure where
the onset of erosion takes place. A large percentage of the natural
surfaces will have two or more critical dynamic pressures: The
first in the order of 1 to 3 pounds per sguare foot where the loose
surface material begins to move; and the second, usually a much
higher value, where the top soil breaks free and begins to move.
When a thick surface layer is composed of free particles in the
range of ,1 millimeter or smaller, a severe dust problem is encoun~
tered. These small particles do not readily settle back to the
surface once distrubed.

Relatively hard dust-free surfaces, such as macadam or concrete, may
have large free particles on the surface. These particles are com-
pletely exposed to the surface flow and will move at low dynamic
pressures. The danger here is primarily to personnel or other air-
craft, as these particles travel away from the lmpingement area.

Jet impingement on water produces spray at surface dynamic pressures
above 2 to 3 pounds per square foot and the sprey height increases
with disk loading.
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forward velocity has a Strong influence on the flow
field, such that lightwelght eroded particles are 1llfied out of the
downwagh flow field on the upwind side and returned toward the jet.

When landing sites can be selected, areas with light vegetation or
damp areas should be used. Surface traffic should be avoided as
much as possible, Prepared landing areas should be kept clean,
particularly if used by more than one aireraft.
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The preblems associsted with the downwash impingement are complex
and, as with most problems, there does not appear to be an ideal
golution. The best solution will probasbly result in a compromise,
which depends to some extent on the assumed mlssion. To make in-
telligent compromises the problem must be well defined and the
effect of all variables known.

To date there are no known test results that clearly define the
influence of surface winds (or forward velocity). Small scele
tests would prove to be most advantageous as the work could be
conducted indoors where controlled, simulated winds could be pro-
vided for the tests. Selected geometric jet shapes should be used
as a systematlc varlable in scale tests to determine the charac-
teristics of non-circular jet flow fields. Although most lifting
devices tend to produce clrcular jets, there is a possibility of
using secondary, nom-circular jets (which may possess more desir-
able characteristics, such as lower decay rates) to effectively
control the hasic flow.

It has been shown in this report that, at a constont disk loading,
the field maximum dynsmic pressure increases with decreasing 2/D.
When desiguing an sircraft with the capability of uperating at low
2/D ratios to reduce power requirements, or provide greater over-
load ocmapability, cocasilderation should be gilven to the inerease in
the field meximum dynamic pressure and the intended operational
environment of the ailrcraft.

For future VIOL aircraft, surface erosion and assoclated lmpinge-
ment problems should be considered in the preliminery design of
the aircraft. Special filtration or other protective equipment
for the aircraft and/or for the lapding area may be necessary to
meet specific operational requirements.
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h. INTRODUCTION

The operation of helicopters snd vertical 1ift types of aircraft from
unprepared surfaces rresents problems essociated with the dewnwesh or
slipstream impingement. Among these problems are the effects on: the
pllot; the alrcraft physicelly and operationally; tacticel operation

of the aircraft; and danger to ground personnel and equipment result-
ing from dust and debris set in motlon by the downwash or slipstream.

Hiller Alrcraft Corp. was awarded Contract DA Uh-177-TC-500 in 1958 to
study the characteristics of the downwash from VIOL aircraft. Tests

were conducted with propellers and a ducted fan. The results of this
test program were presented 1n Reference ).

In April 1960 Contract DA 4h-177-TC-655 was swarded Hiller Aircraft
Corp. to conduct additional tests and evaluation of the effects of

the downwash impingement on a variety of soil conditions. This

test program wes conducted at the Corps of Engineers Waterways
Experiment Station at Vicksburg, Mississippi. Test sites, soil
enelysis and general support of the test progrem were provided by

the Waterways Experiment Station. The resulis of tests with the
two-foot dismeter ducted fon were presented in Keference 2. Additional
teats were conducted with s diffuser and adapters installed on the duc-
ted fan. Side by side flow-for VIOL aircraft, an annular nozzle ground

- effect machine, and a plemun chember type ground effect machine were

simuwlated.

The results of this test program were presented in Refer-
ence 3.

The results of these test programs have been anslyzed. This analysis,
including correlation between the dovmwash studies and the movement
of goil particles, recommendations relative to VIOL aircraft design,
and suggestions.for future research are preserted in this report.
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Mobility of the test equipment was provided through the use of a
U. 8. Army Model M-5L, 5-ton, 6x§ cargo truck with a front-mounted
wineh (Figure 1). The power was supplied to the propeller by a
Ford Model 332 industrial V-8 engine, driving through a five-speed
gear box and a right angle drive. The height of the propulsion
unit was varled by reising or lowering the boom assembly with the
winch cable. Due to the flexibility of the hcom assembly and
cable, accurate settings of Z/D were difficult. When the thrust
was applied the load in the cable and boom was relieved and the
Z/D would change from the static position. For the adapter tests
(Reference 3) where small changes in height resulted in large
variations of Z/D, a support strut and screw jack were used to
provide close control over the adapter height.

The 2/D was established before the propulsion unit was engaged;
therefore, when surface erosion was incurred the Z/D changed as
the erosion progressed. In some tests the eroded section had a
meximm depth of 1l inches, which produces a significant change
in Z/D. With the exception of the water tests, all Z/D ratios
are pre-operation valucs.
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8,1 VELOCITY SURVEY

S5.1.1 GENERAL FLOW FIELD

The velooity survey tests were oconducied to provide some insight into
the basic flow fleld. Complicating factors were eliminated where
possible. Tests were conducted during minimum wind over flat, non-
eroding surfaces. In effect the problems associated with the impinge-
ment, such as dust, flying particles, etcetera, were eliminated so

as to reveal the basic flow in its gsimplest form. The test equipment,
test procedures, and the data obtained are presented in Reference 1.
The concern here is not with the tests but what has been accomplished
as a result of the velocity survey tests.

in over-all examination of the impingement will be necessary before
the velocity survey test results can be discussed in detail. The
Jet, which i1s a result of producing 1ift at sero or low forward
speeds, does not diesipage readily. When this Jet strikes the surface,
the velocity normdl to the surface is reduced to zero, and the energy
is converted to pressure that accelerates the flow away from the im-
pingement area, After the maximum velocity is reached, the surface
flow continues away from the high pressure region, where diffusion
and viscous forces eventuelly reduce the velocity to an insignificant
value. The flow field was observed through the use of the tuft
boards, and quantitative data were obtained from pitot pressure
measurements., A general view of the test arrangement and the equip-
ment used is shown in Figure 1.

The initial jet mean dynamic pressure (qm) provides a convenient basis
for reducing much of the data to non-dimensional form for a jet that
issues from & nozzle (as a ducted propeller or turbojet engine) the
following relation exists:

Q= T = w
S
For an open propeller or rotor where the flow contracts downstream

of the reference area, the mean dynamic pressure is related to disk
loading bys

qm-w.

The diameter used for the analysis of open propellers or rotors is the
contracted slipstream diameter:

D = .707 Dp.
7

C b e el

[P

L

wodbago

Bl




—The results of the velocily surveys are presented in terms of the
dynamic pressure ratios (q¢/ap), (a/qp)p.e @nd (o/q)FM.  The
term (q/q,) represents the ratio between the dynamis pressure (g) &nd
mean Jet dynamic pressure (qm). The term (q/qm)max represents the
maximum surface dynamie pressure obtained at some specific x/R loca-
tion, referred to the mean jet dynamic pressure. The term (q/qm)F
is reserved to describe the maximum surface dynamic pressure irrespec-

tive of the location in the flow field, again referred to the initial
mean jet dynamic pressure,

R g
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5.1.2 DYNAMIC PRESSURE VARIATIONS IN THE FLOW FIELD

The dynamie pressure data obtained from the tests were plotted for fixed
conditions of Z/D and x/R to obtain the dynamic pressure variation with
height above the surface. This dynamic pressure profile, shown in
Figure 2, is typleal of all obtained. The maximum value {q/q ) was
obtained at several radial stations and a cross plot of (q/qm)max

versus x/R was made for each value of Z/D tested. Figure 3 shows the
change in maximum dynamic pressure with radial location that results
from the impingement of a circular jet normal to a flat surface.
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The flow follows the sequcnce shown belows

ah

First, the exit flow velocity decreases, converting dynamic pressure
to statle pressure.

s Y N e Rl e

o A

Second, the flow accelerates along the surface until the statie

pressure is reduced to amblent and the surface dynamic pressure
is a maximum.

Third, the velocity decreases with increasing radial distance due
to a combination of diffusion and viscous forces.

The velocity decay obtained from a circular jet is such that it fits
the curve:

2
: (Q/qm)max. '7329‘XK ) , where X = 26,8 was determined in Reference L

and shown to give good correlation with full
scale tests.

ey IIMHW“M‘@*W"“?"""@ o R e SN s e

This equation can be used to show that the surface dynamiec pressure at

a given radial loecation ie a function of total thrust and not disk
loading:




o If a-fucted propeller 18 assumed:

. = L I
Wt

ax. -/7,(.}.‘%)2 Lok sy

or for & non-~ducted propeller where

2

sax. /7 2(3) |

" The boundary between the jet surface flow and ambient still eair is f
a function of the radial distance from the impact point. The equatlon
of the zero velocity line is given in Reference 1 as h/D = K x/R vhere

.125 €K € .13k, If both sides of the equation are multiplied by 2R
the following equation is obtalned:

.y

h = Cx where .252 C 2 .208.

The above solutions are valid vhen x>2R. To find the field maximum
dynamic pressure, the disk loading and Z/D must be known.

. Because the maximum dynamic pressure from each pressure profile was
used to plot Figure 3, the maximum dynamic pressure (for a given 2/D)
from Figure 3 is the maximum value in the flow fleld and is therefore
called the field maximum dynamic pressure. The curve of (q/qu)FNM ‘
(Figure 4) is of prime importance as the onset of erosion is governed i
- ’ by the soll classification paremeters and the field maximum dynamic

. . pressure. If the soil critical dynamic pressure ( ) is knowm, the
; z disk loading end 2/D combinstion required to start erosion can be
found, i.e.
ap.m. = (a/ag)F M. % 4

for a ducted propeller g = w/2

Sapa, (el oy, w/2

2q
or F .M.

T Wy,




where (a/qp)p y, 1s & function of Z/D as shown in Figure L and
%M. " %R when erosion starts.

If qp y, 15 less than AgRe there will be no erogion at the point of
maximun dynamlc pressure and therefore no erosion will take place at
any x/R location. If qp , 1s greater than qpp, erosion will start
and continue to take place until the local maximum dynamic pressure
(q/qm)max at x/R | decreases below that required to propagate the

erosion, An indication of the relative severity of the erosion prob-

lem can be obtained by the excess in the field maximum dynamic pressure
above that required (qCR) to initiate erosion.

Pigure 3 1s useful in determining the approximate extent of the par-
ticle cloud. When the local maximum dynamic pressure (q/qm) at
x/R| decreases below that required to sustain the particles, ?ﬁ%&
will settle back to the surface. One must be very cautious when using
Figure 3 for this purpose, as surface winds or excessive erosion can
greatly influence the flow pattern.
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As was stated previously, the surface dynamic¢ pressure has a maximum
value in the vicinity of one diameter from the centerline of rotation;
beyond this distance the surface dynamlic pressure is a function of

the total thrust and not the disk loading, It cannot be emphasized
too strongly that it is the field maximum dynamic pressure that de-
termines whether or not a surface will be eroded and the field maximum

dynamic pressure is a function of disk loading and proximity to the
ground.

The analysis in the appendix provides a solution for the field maximum
dynamic pressure as influenced by the normal parameters of disk load-
ing, power loading, and geometry. The most direct method of redueing

: the field maximum dynamic pressure (see Equation 10 appendix) is to

: reduce the disk loadingj however, this parameter is usually determined

' by other requirements. Figure 2 of the appendix indicates that sig-

N nificant reductions in the field maximum dynamic pressure {q of the
appendix ) can be obtained by small changes in Z/D if the deSign Z/D
is8 ¥ 0.5; if the design Z/D is>1.0 the reduction in the maximum
surface dynamic pressure obtainable by increasing Z/D are insignificant.

Figure L of the appendix indicates that,when the equivalent Z/D ratie
is less than one, significant reductions in the field maximum dynamic

pressure (for constant disk loading) are made possible by using jets of
7 high aspect ratio.
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"~ 7 5.1,5 EFFECTS OF TILTING THE THRUST VECTOR

Velocity survey tests were conducted at © = 0°, 30°, and 60° thrust
axis inclination, the resulte of whieh are presented in Reference 1.
The surveys at @ = 30° and 0=60° did not include as many x/R
stations, where velocity profiles were obtained, as did the 9 = 0°
tests. Because of the rapid change of (q/qm)max with x/R and the
relatively few profiles availszble, the validity of the (o/q)) "
versus Z/D (Figure 5) curves for @ = 30° and @ = 60° is questgonable.
The values given by the curves were obtained from tests; however, it

1s possible that higher values existed at points where no measurements
were made.

If the jet decay curve is compared with the (q/qm)FM curve for zero

thrust inclincation (Figure L) one finds that the maximum surface
dynamic pressure iz approximately equal to the stream dynamic pressure
from the Jet decay curve, provided the points of comparison are at
the same Z/D value. These two curves renresent the two extremes in
thrust axis inclination (0° and 90°). If the flow can sirike the
surface and turn through 90 degrees with little or no less in total
pressure, then 1t should turn through a lesser angle with no greater
loss in total pressure. One would conclude thal, as Z/D has been
defined in this report, the curves of Figure 5 should differ by the
cosine of the tilt angle. The data indicate greater losses for @ =
309 and @ = 60°. Assuming the data to be correct, large angles (am
therefore significant losses in vertical thrust) are required to
appreciably reduce the field maximum dynamic pressure,
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5.1.4 EFFECT OF SURFACE WINDS

The general radial flow pattern after impingement without surface

wind is near the surface. The surface velocity increases with

radial distance from impingement, until the static pressure is equal

‘to ambient pressure, and then it decreases beyond this point (Figure 3).
When a surface wind (or forward velocity) is imposed upon the flow
pattern, the shearing forces between the wind and radial flow on the
upwind side produce & surface flow profile similar to that shown in
Figure 6. This shearing action causes the radial flow to separate
from the surface when the surface dynamic pressure is slightly greater
than the free stream dynamic pressure. After separation the radial

velocity component decreases and the free stream and jet flow mix and
blow back toward the source,

i st b« Wi A a4 b sl

If a jet is impinging on a smooth erodible surface, and the disk load-
ing is sufficiently high, particles will be entrained and carried
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radlally outward in the decreasing veloelty flow. If there is no
surface wind a point will be reached where there 1s insufficient
velocity to sustain the particle and it will fall to the surface and
aome to rest, It is of little comsequence whether the particle
momentum at low radial distances 1s sufficient to carry it beyond
the area where the velocity will no longer keep it 1n motion. Thus
the particle would not be returned toward the source regardless of
its physical characteristics. On the other hand, if there is a
surface wind (or forward motion) the particle may or may not {depend-
ing upon its physical characteristics) return to the immediate sur-
face. Very light particles will be trapped in the rolling up flow,
1lifted higher above the surface and returned toward the jet. This
action has been observed and recorded on motion picture film,

If the surface wind velocity is of the same rslative magnitude as the
field maximum surface dynamic pressure, the jJet flow and the entrained
particles will be swept back. leaving the upwind side of the jet clear.
The dust c¢loud will form downwind of the impingement point.

As long as the surface remains relatively flat there should exist a
definite relationship between the field maximum dynamic pressure, the
jet diameter, the wind velocity and the height of the dust cloud,

At constant altitude increasing disk loading will move the mixing

region upwind and increase the height of the dust cloud in relation

to the increase in the maximum surface dynamic pressure; increasing
wind velocity will shift the dust cloud downwind. Increasing altitude
will decrease the cloud in relation to the dynamic pressure decay curve.

S.1.5 EFFECT OF GEOMETRY AND MULTIPLE SOURCE
L ]

The two-foot diameter ducted propeller used in Referencesl and 2 was

fitted with a diffuser. Two adapters, for mounting on the diffuser
exit, were constructed. One adapter provided a palr of Jets, each
one foot in dlameter and two feet between centers, and the other
adapter simulated an annular nozzle ground effect machine (GEM).
The annular nozzle GEM had a total area (base plate plus nozzle) of
5.2 square feet, with a .6-inch thick jet ineclined toward the base
at LS degrees. The open end of the diffuser was used to simulate

a plenum chamber GEM., The detalled test data have been presented in
Reference 3.

The three configurations discussed above were operated over a flat
non-eroding surface at fixed heights while gage pressure measurements
of the flow field were made.

p=2
n
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i
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5.1.5.1 SIDE BY SIDE DUCTS (FIGURE 7)

The gage (total minus ambient) pressures for the side by side ducts were
measured at a disk loading of Ll.é pounds per square foot and at an
exit height of 1.56 fest (Z/D = 1.56). Seven gage pressure profiles
were obtained at x/R ratios between one and three, with the total
pressure rake located at © = 0%, 459, and 90° (see Figure 8). These
profiles show a maximum gage pressure in the region of x/R = 1,33 to
1.67. It must be remembered that these profiles are gage pressure

and not dynamic pressure profiles. The difference is the use of
total pressure minus amblent rather than total minus static pressure.
The static pressure was determined (for the two-foot duct) to decrease :
rapidly to ambient pressure at x/R = 2. High gage pressures at ;
x/R¢ 2 are, therefore, not indicative of high velocities; beyond X
x/R = 2 the gage and dynamic pressure are identical. A comparison

of the radial dynamlc pressure decay rates obtained from the side by

side ducts and the single, two-foot duct are shown by Figure 8. It is

interesting to note that the minor axis of the side by side ducts

system (where considerable concentrations of dust were observed) ap-

parently does not experience higher maximum velocities than the other E
areas; it does, however, indicate a lower decay rate and thus higher

velocities at radial stations beyond x/R = 2.5. Comparing the profiles

(Figure 9) it can be seen that the minor axis flow is much greater at

high values of h/D (h/D = 1), apparently due to the fact that the

maximum pressurc is above the surface at the centerline of the system.

The fact that the maximum velocities along the major and minor axes

are approximately equal is to be expected. The stream reaches stag-

nation pressure at the impingement point, and when two Jets are used

one would expect three stagnation points, the third being midway

between the two jet stagnaticn points. A vertical component of flow

along the minor axis might be expected due to the secondary impinge-

ment of the ground flows along this axis.
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5.1.5.2 PLENUM CHAMBFR (FIGURE 10)

The plenum chamber was operated at three disk loadings, 4.36, 9.40,
and 31.25 pounds per square foot (4, = 5,955 square feet), at a
constant height of three inches. Thé plenum chamber can be considered
as a non=circular Jjet operated in very close proximity to the
ground plane. The data obtained indicates a field maximum dynamie
pressure ratio of approximately 1.7. To compare this to the curve

of Figure L an equivalent diameter must be used. The comparison used
here will be equivalent (Z/D)e based on the vaiue of (Ah Z) , where

for a circular jet (A /Z). = 1 ; therefore, (Z/D) = !
Ah ° LZ/D ’ ® Eu[h; z}e
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- - ————"—"""""" The value obtained makin “the indicated substitution is (2/D)g
. 0994, This point [by/D)e 0994, o/qy = 1. 7] is in close agree-
ment with Figure L. If an equivalent diameter based only on the

exit area 1s uged, the (Z/D)e value would be essentially the same
in this case “[(z/v)e = ,0908

5,1.5,3 ANNULAR NOZZLE (FIGURE 11)

The annular nozzle was operated at three disk loadings, 2.31, 9.64
and 16.6 pounds per square foot (based on total area L 5.2

Square feet). The data obtained from these tests cannot be compared \
directly with Figure L, due to the difference in geometry, except to ;|

note that the maximum value of Pt/w/E = 2,75 is considerably above
the range of Figure l,
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5.2 SURFACE EROSION

5.2.1 INTRODUCTION

The results of the surface erosion tests have been presented in
Reference 2 (two-foot diameter duct tests) and in Reference 3
(adapter tests).

Tests were conducted over various surfaces with different prepara-
tions. Wave rods were used during the tests over water, providing
a continuous record of the water elevation at each of the rods.
Perticle traps were located in the flow field where possible,
providing information on the guantity of meterial trapped at the
various geometric locations. From this information the weight flow
(pounds per minute) of material passing through a square foot area
normal to the surface was obtailned and designated as the flow rate.
Plots of h/D versus flow rate were constructed for each test where
this information was avallable. For the two-foot duet tests over
gravel, the size of the largest partiele in each trap was recorded and
plots of h/D versus volume loading constructed. The volume loading
(V.L.) was obtained by dividing the pprticle velume by the mosrimum
projected erea, thus reflecting not only the size but also the
particle shape. Messwements were made of the ¢roded section, and
16 millimeter motion plcture coverage of the majority of tests was
obtained. The Waterways Experiment Station supported the testing
by furnishing the test sites and performing necessary soill tests
for classification of the soils and for determination of the con-

dition of the soils at the time of tests. The results aere in-
cluded in References 2 and 3.

All recorded information was presented regardless of 1lts apparent
veluc because the nature of the erosion and the comtrolling param-
eters were not clearly defined. This datae represents the time
average during the test duration, normally about one minute,

during which the flow pattern, in many cases, was observed to
change completely. It is the general trends and order of magnitude

that are to be considered in the sections dealing with surface
erosion.

5.2.2 FLOW RATE PROFILES

To determine if the side by side ducts were influenced by the dif-
fuser and to determine the area of mutual interference, three duect
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configurations of the side by side ducts were operated over dry sand
at & disk loading of 60 pounds per square foot and at a 2/D of 1.5.
The first configuration was with stendard eight-inch nozzles, The
nozzles were extended %o 26% inches in the second copfiguration and
in the third configuration one of the standard eight-inch nozzles
was diverted by a 12 by 28 by 46 inch box (see Referemce 3). Obser-
vations made during the tests indicated that the flow changed from
radial to vertical 50 seconds after the tests started. The eroded
sections were very similar (profiles are shown in Figure 12) except
near the center of the sipgle duct test where a damp area was noted.
The conclusion was drawn thet the diffuser was not influencing the
impingement, and the region of mutusl interference was limited to the
narrow wedge area shown in Figure 13. By comparing the flow rate
profiles (Figure 1%) it can be concluded that the results of tests
IIT A 33 and III A 41 were very similar. The flow rate profiles of
test III A 46 show considerably less erosion than the first two
tests. The difference in the y/R = 6 curve "A" is to be expected as
this trap was located on the minor axis of the system and ome duct
was diverted during this test. The total erosion of one duct was
calculated by integration of the profiles shown in Figure 12 to
determine the eroded volume. The total erosion thus calculated

wvas plotted on Figure 15 and shows essentially the same relatiomship
between the thrce tests as did the flow rate profiles.

5.2.3 COMPARISON OF CONFIGURATION BY FLOW RATE PROFILES

The sapd tests were used to determine the similaerity between the flow
rete curves for the two-foot dlameter duct and the side by side one-
foot diemeter ducts due to the relative uniformity of the sand. With
the duct exit close to the surface (2/D = .5) reasonable sgreement is
obtained (Figures 1l6a and 16b). The agreement 15 somewhat better at
low values of x/R where the surfuce wind is not such a powerful in-
flvencing factor. The test results at Z2/D = 3 show the correlation
to be essentially independent of Z/D (Figures 17a and 17b); again
greater devistions in flow rate appeer at the highest values of x/R.
Generally bvetter correlation 1s found neer the ground surface. This
would be in the higher velocity area where the surface wind would have
lese influence. A sumall difference in moisture content and deunsity
existed between the tests. At the time the two-foot diameter duct
vas tested, the dry density of the sand was 92.2 pounds per cubic foot
and the moisture content was between .5 and 1.3 percent. The side

by side ducts were tested when the dry density of the sand was between
90.5 and 91.5 and the moisture content was between .2 and .l percent.

It appears that the flow rate values obtained with the two-foot duct

end the side by side ducts can Pe compared directly with no loss in
generality.
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. 5.2, DIBCUSSION CF TRENDS AND RELATIONSHIPS

One of the most predominant trends that appeared in the results of
tests over the various soil conditions was the inerease in flow rate
with inoreasing disk loading, This is to be expeected as the surface
dynamiec pressure varies directly with disk loading. The flow rate
profiles Flgures 16 and 17 cannot be made independent of disk loading
in a manner similar to that used for the dynamic pressure profiles
(see Figure 2) because the slope of the flow rate vs. h/D curve
changes with disk loading. The high flow rates at large h/D values
and high disk loading (seen in Figures 16 and 17) are most probably
due to the vertical projection of material resulting from the erosion.
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The effect of increasing Z/D is shown in Figures 182 and 18b. There

: i is a greater decrease in flow rate between Z/D = .5 and Z/D = 1.5 than

; : between Z/D = 1.5 and 2/D = 3. This would be expected from the velocity

: . profile results, namely the field maximum dynamic pressure curve (Figure lL).

The relative erodibility of the different soils is compared in Figures
19a and 19b., The flow rate parameter is apparently affected by time.
Therefore w, Z/D and time have been held constant in Figure 19. The
erosion rate of the "as deposited" river gravel (IV A) is high, and
large flow rates are found at large values of h/D where these par-
ticles could infliet heavy damage if they are large in size., It

will be shown in section 5.2.L.1 that the particles actually were of
considerable size,

-

The flow rates obtained from dry sand (III A4), flat plowed lean clay
(I B), and the plowed and furrowed lean clay (I C), show that con~
siderable quantities of material were in motion. A lower density
material will have a greater volume flow at the same flow rate. These
small particles are largely responsible for: the erosion of rotor or
propeller blades, contamination of lubricants, and are the primary
source of visibility problems,

Figure 20 shows the effect of disk loading and X/R on the flow rate
profiles for the "as deposited" river gravel, and Figure 21 shows
the effect of Z/D. The effect of moisture amd compaction was to
reduce the erosion (Figure 22).

5.2.4.1 VOLUME LOADING

The relative size of the particles can be obtained from the volume
loading curves. Volume loading is the particle volume divided by its
meximum orose sectional area; therefore, the diameter (in inches) of

17



+—spherical partivle would be equsl to 3/2 the volume loading. For &
rectangular particle the V.L. would equal the smallest dimension. The .
particle sizes and the capture locatlon can be obtained from Figure

23, In addition to the particle size these curves shed some additionszl
light on the nature of the flow pattern after erosion has taken place.

The» "sprinkled and compacted" gravel curves show larger particles near

the surface and smaller particles at high h/D values. The flow rate

curves show the "as deposlted” gravel had greater flow rates, and the

slope of the "as deposited” gravel curves is greater than those for

the "damp, compacted" gravel. From this it can be concluded that

as the erosion tekes place the high velocity flow 1lifts above the

surface. When operating over the "as deposited" gravel the higher

erosion rate creates a hole 1n a shorter period of time. The flow

lifts above the swrface, carrying with it the larger particles. The

"damp, compacted" gravel had a lower total erosion rste, thue the

hole took longer to form and the flow remained slong the surface.

This resulted in a higher flow rate neasr the surface and a lower flow

rate at higher h/D's than with the "as deposited" gravel. .
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5.2.5 MEASUREMENTS OF ERODED AREA

LRI

After completing a test, the size of the eroded area was measured to
determine the diameter and depth of the resulting impresslon. In
Reference 2 the relative depression diameter was plotted against dlisk
loading with flagged symbols to dencte the time varilable, as the
diameter of the eroded section would be expected to increase with
time. TFigure 2b 1s a reproduction of the Z/D = 3 end Z/D = .5 data
from Reference 2, vherein the standard test time was three minutes.
Data from Reference 3 1s also included, wherein the test time was

one minute. The diameter of the depression directly beneath one of
the ducts was used for Dy of the side by side ducts to facilitate
comparison. It should be noted that reasonably good correlation
exlsts in spite of the marked difference in test time. In this case ;‘
the depression depth was small compared to the diameter, viz. for -
the two-foot duct at 125 pounds per square foot, tne depression was .
approximately eight feet in diameter apd only eight inches at the D
deepest point. The flat plate model would provide a fair simulation

of this condition, and the rapid decrease in dynemlc pressure with i
x/R would reduce the velocity below the critical value for this soil :
at a given x/R regardless of test time.
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The existence of two Dy/D ratios for the two-foot duct tests over dry
sand at a constant disk loading may be noted in Figure 25. The larger
circle had a distinct boundsry wheres the sand first settled back to

18

"3{ .



§
g
-
ii-
g
4
£
£
&
3

v

B

3
=
E3

-

the surface, within this cirele was an undisturbed region, and the

eroded section was at the center. As the disk leading decreases the
two curves approach the same value and therefors must c¢lose when the
loading is just suffiscient to start eromion. The data from the side
by slde ducte and the two-foot duct again show reasonable correlation.

The river gravel eroded slightly at 15 pounds per square foot, and the
erosion rate increased with disk loading. At a disk loading of 1L5
pounds per square foot the two=foot duct produced a total srosion
rate of 150 pounds of material per second. During this test 2 hole
8,5 feet in diameter and 1L inches deep developed in 4O seconds. The
depth was limited by a hard surface. Sand settled to the surface to
a radial distance (x) of 32 feet, and particles equivalent to % inch
diametar were found to x = 39 feet. Again the correlation in eroded
section diameter (Figure 26) is much better than would be expected.
It is seen from Figures 2 to 26 that the actual eroded section is
normally between three and five jet diameters even though the sur-

face materials cover a large range in particle size and classifica-
tion.

5.2.6 VATER TESTS

The water pressure (PS) in the deepest area of the depression would
be the product of the density and depth (P; = 62.4 h). The effective
Z/D changes considerably for the side by side duct configuration as
the water level changes. This was particularly true for low Z/D
tests; therefore, the Z/D was based on the bottom of the depres-
sion. A maximum surface dynamic pressure was obtained from the field
maximum dynamic pressure curve (Figure L4). In the water tests this
high velocity in the depression would not be expected; but the field
maximum dynamic pressure would give a good representation of the
maximum surface gage pressure, .. Py~PF, = w/g (q/qm)FM . The ratic

of PSKPt- P,)as obtained from the test data is shown plotted versus disk

loading (Figure 27). At low velues of disk loading some of the date
obtalined with the two-foot duct appears to be very poor, but it must
be remembered that the water depressions at the low disk loadings
were in the order of § inch, while allowance was made for water de-
pressions of two feet. 1In addition the wave rods were supported above
the water surface and the supports interfered with the air flow and
hence with the measurements. The one-~feoot-long rods used on the side
by side ducts were supported beneath the surface and only the end of
the rod protruded. Thus, better data was obtained, as evidenced by
the better correlation,
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5.2.6.1 WAVE AMPLITUDE AND FREQUENCY

The wave emplitude inaressed with disk losding such’ that at w » 140
to 150 pounds per square foot the amplitude was 1/k to 1/5 of & foot.
The wave frequency is almost independent of disk loadling with an
order of magnitude of 2 to 4 cps throughout the disk loading range
tested. This date 1s plotted ip References 2 and 3.

5.2,7 ONSET OF EROSION

Although the exact disk loading and Z/D required to initiste erosion
was not obtalned, a generdl order of megnitude of the surface dynemic
presaure required to start appreclable movement can be determined
from the test results. Fine particles of loose, dry meberial require
a surface dynamlc pressure of one or two pounds per square foot.
Large dust clouds are formed by these partlicles when thelr size is
0L to .03 millimeters in diameter. The larger particles such as
sand (.2 to .4 millimeters) tend to settle back to the surface unless
the wind is strong enough to support them. From the dynemic pressure
required to start the erosion of sand (approximately two pounds per
square foot) the wird velocity required to sustein these particles
might be assumed to be in the neilghborhood of 30 and 4O mph.
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Water spray was formed vhen the swface dynamlc pressure was three
oounds per square foot. The spray at this loadlng was very close to
the surface. The wave rrequenc¥ was two to four cycles per second
with an amplitude of more than 5 inch.

5.2.7.1 VEGETATION

Hard soll surfaces with vegetation showed no erosion of the basic
soils at the maximum disk loadings tested (140 pounds per square
foot). These surfaces all have fine loose perticles on the sur-
face that stert in motion when the surface dynamic pressure is 1 to
. 3 pounds per square foot. These light particles form light dust
- clouds and the pleces of dried grass or vegetation can mat up on
elr inlet secreens tc present a real problem.

: 5.2.7.2 SAND

B The dry sand will begin to move when the swrface dynsmic pressure
is 2 to 3 pounds per square fooct. Saturating the sand with water
greatly reduces the erosion rate; howvever, a continuous drying
takes place at the surface and some motion would be expected.

i
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5.2.7.3 RIVER GRAVEL

River gravel is always accompanied by some sand. Light sand particles
were blewn frem the surfaece when the surface dynemic pressure was two
to three pounds per square foot. The size of the particles and the
height above the surface et which a given particle size wes found
(Figure 23) increased as disk loeding was increased. At ducted pro-
peller disk loadings of 14O pounds per square foot, perticles approxi-
mately % inch in dimmeter were found at the highest trap location 1.08
duct diameters above the surface. Adding moisture and compacting the
surface reduced the flow rates at the higher trap compartments, but
did not decrease the flow rate of particle size near the surface.

At low disk loadings, 8 to 60 pounds per square foot, the size of

the particles trapped near the surface increased. The additlon of

water apparently washed the fine particles down and exposed a greater
number of large particles.
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The velocity survey tests have proven to be of considerable importance
in providing a general understaending of the erosion probvlem. The
excellent agreement obtained between the velocity survey tests of the
two<foot duet end those obtained from a fowr-~inch nozzle (Figures 28
end 29) show that velocity survey work can be conducted with scale
equipment that allows accurately controlled conditions.

The critical surface dynamic pressure for dust, dry sand, end water
was shown in Reference 5 to be independe:ni of scale effects in the
range of duct dlameters of one to sixteen inches. The critical
dynamic pressures obtaiped from the two-foot duct tests of Reference 2
are compatible with those of Referemce 5. The helght at vhich water
spray was observed (Reference 5) was non-dimensionalized and plotted
versus the "maximm surface dynamic pressure" (the field maximum
dynamic pressure). Two curves were obtalned, one for the four-inch
nozzle and one for the 1lG-inch ducted fan. The existence of the two
curves was attributed to the small size of the water pan in comperi-
son to the 16-inch ducted fan, and therefore the four-inch nozzle
date was considered more realistic. The results of the water tests
described in References 2 and 3 are in good agreement with the 16-
inch ducted fan tests {Flgure 30). The pond used during tests of
the two-foot duct and the side by side duets was spproximetely %0
feet by 100 feet and 22 inches deep. The slze of this pond 15 con-
sldered more than adequate, and the curves obtained from the 1l6-inch
ducted fan and the two-foot ducted propeller are considered repre-
sentative of full scale. A dlscrepancy exists with date obtained
from full scale turbojet experience (described in Reference 5).

This date was in better agreement with the data for the four-inch
nozzle.
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The velocity survey and soil erosion tests conducted under this pro-
gram will continue to provide valuable informetion as the under-
standing of the problem is extended. As of the present time the
datea has been exsmined to determine trends, but in many cases the

proper variables required tc non-dimensionalize and analyze this
data are not availsble.

A large number of varisbles have been investigated (Z/D, w, soil
conditions and geometry). There is a considerable nmumber that have
not been considered. One of the most important of these, surface

. wind or forward veloclty, has been avolded. The tests conducted
. indicate that the surfsce wind has a profound influence upon the

22



problem, and 1ight winds are mormel in practical operation. The
geometry was varied to some extent; however, the snalysis of Appon-
dix I indicates apprecisble changes in the fleld maximum dynemic
Pressure are brought sbout through variations in geometry. The
baslec assunptions upon which the anelysis depends are subject to
ecriticism; however, reasonsble egreement has been obtained with the

date from the plenun chamber, annular nozzle, esnd the ducted con-
figurations used in these tests.
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FIG. 1. TEST SITE, VELOCITY SURVEY TEST EQUIPMENT
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Test Trap 1
Number v/R

I B L2 thru 49)
IIT A 26 thru 1) 6
III A L6 )

IB50 )
IV A 6y thru 68) 9
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Figure 7 General Arrangement, Test Equipment, Side by Side
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SHW 5 gy

M
£
z
p-3

_____________ . _ e
A’b base plate area square feet
Ah duot exit flow ares square feet
[ periphery of the jet (circumference) feet
D duct exit diameter feet
FH horizontal force resulting from the

surface mass flux pounds
m air mass rate of flow slugs per second
P pressure pounds per square foot
P power foot pounds per second
q dynamic pressure pounds per square foot
TN net thrust pounds
TP6 propeller gross thrust pounds
v velocity feet per second
w disk loading pounds per square foot,
Z duct exit height above the surface feet
€ loas coefficient none
C A f2c none
TZ efficiensy factor none
/° alr mass density 8lugs per ouble foot
g V6/Vb none
w ag/w/2 none
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P
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diffuser
effective
gross
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net
propeller

total

= control stationc in the flow flcld (sece sketch velow)

_—@ Mreoe Air

Duet Inlet
e Propeller Inlet

'————@ Propaller Exit

Radial Station
Where P6 = PO
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and

e that— Empressure exists beneath the

dust exit, which is sustained by the radial acceleration of the masg
flow, a solution of the maas flow and velocity can be chbtalned.

PTh is caloulated from the horizontal acceleration of the ground flow.

FH -IHAVH = mv6

FH = (Ph - Po)Zc

- mV6 + P
Te

Ph 0 Equa. (1)

P, =P +g
Thhh

2
mV f
.. Al
B T © *Fo S Equa. (2)

A free jet loss 1s defined as:

= ed*Foragmggllre) +F

P

P
T, - T

9
Qe € + P
6 Tg

P6 + Qg but P6 - PO

Equa. (3)

Equating equations (2) and (3):

<v*) KT )vh Renry

2
m_v§+P fvh +é?6 (1%¢)

Substituting m = /Ahvh and multiplying by

ﬁvhz(l te)

1 =0
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o 3T RPRNR BT fos TP TH OV DR RPN B o e

[
Yoo, A 2f 1 +[ N
v, Tellve) ((Tre) |[TelT+en
2 H
v A %0
6= N 1+ |1 1 Equa. (L)
v TE(’F«';"S{ *[ rg)‘ "’]} qua

Because (Zc/Ah)2 (1 +¢) is positive and V6/Vh cannot be negative, the
positive sign was used.

Now the total thrust can be calculated.
TN = th +* Ah(Ph-PO) + A.b(Ph-PO)

TN - th + (Ph- 0)(Ah+Ab)
from squation (1)
mv
6
P Fo "z
_ Mg
TN = mvh + -z—c- (Ah'*A.b)
A
Ty = M9}, [1 + L—zu:& V(,/VJ Equa, (5)
Ty

3

To calculate the power, the inlet, diffuser, and propeller losses are
required,

Equa. (6)

Define Py _Pp
0

[ 2 Q= "2
In - - _
let loss i q2 q2

63
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s s = Dipeymey Tags T T T —---c-a--rla*—hﬂ—ra—%——--‘----——--*—~——
Propeller Efficiency Tp = Mp q3 %2
Now P q
T, = ag{l +e) + Py £rom Bqua. (3)
P'r3 =Qye, t qé(_‘], +Eg ) + PO
-P
Ty=9, ¢ = F
To o A (P=P,)) = A (P, =~ P -
Pp = 2372 21, '1‘2) 93 = 9,
. TPG“AQ[qzsd*qé(l”) MR ‘1-PO] i
T . a9, A, (ed +ai) + qq A2(1 +& ) Equa. (7)
and § :
T 3
P,V :
e G 2 :
Tp :
o ylvp'a a, A2 V;2 (ed + ci) + qé(AZVZ) (1 +e)
2P, 2
-n:'v-;— = (l+e) + (V,/7)° (e + &)
. = oV, 2 2 ,
2Pp = mv), [(1 ve) (vé/vh) * (Ah/Az)z (eq + eii’ Equa. (8) :
Combining equations (5), (6) and (8):
2ehg(m )¢ (v/V)%[(luwAA ]
ol A ika)” (8 * &) moua, (9 :
Ty 372 ) Ay 3/2 ;
[°67°u "7 '
6l

PR

e b W Sy T



" From Equation (5)

Ty AT 2[ vé/vl:'
Let AT = Ah + A
A+
TN =2 [; L ( gcﬁhlvé/v;]

(1 /b)) (V7%

Ay f‘;é
Let TN/AT =W

L o ]

MU (14 a/m) (T/0)

or 9 . (1+ A'b/Ah) V6/vh
w2 G
vé/vh Zc

Equations (10) and (L) define the variation of the field maximum dynamic
pressure with the physical parameters and the disk loading, If these
equations are expressed in terms of diameter for a circular Jjet, the
following relations are obtained,

Equa. (10)

Equation (L) becomes

%

v /v -1;2-5—(-1———;1 gu [1+(1+c)(hz/D)'€] }

: &L / te Eqta. (11)
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" and Bquatdon (10) becomes
% o Ve/V, (1 +&/4)

and if Ab = 0

% . e/,
w2

Equa. (12)

1 + 1
[, )

PR

Choosing values of Z/D and solving equations (11) and (12) for qg/w/2 :
the curves shown in Figure 1 are cbtained, For the calculated curve
to prediet the test results, the free jet loss would have to vary from
.1 at Z/D = .1 to approximately .35 at Z/D = 3,

LA T .. o s S Ly L

W kA e

The value of 2P91§gfﬁh)%/TNJ/d (Figure 2) was obtained by substitution
in equations (L) afid (9) with the agsumptlon that egq, £ and A, are
zero and that the jet is circular. Ths power loading parameter has
values greater than one for the case of zero losses ( e= 0), which is
unrealistic; however, the general trend of the maximum surface dynamic
pressure ratio and the power loading pasrameter is encouraging. The
parameters for the plenum chamber testes were used to solve equations
(4) and (10) with the resulting Qg value of 1,932 compared to test

w2
results in the range of 1,4 to 1l.8. The analysis was extended to
represent an inclined jet and the parameters for the annular nozzle
GEM were used to calculate G./w/2 with the resulting value of 3.78 ;
obtained. This is compared ?o the test data where 1,9 = % = 2.8, o

w2
These values were calculated assuming no losses and therefore should
he greater than test data values.

R

e e w4

SR L

This analysis, although non-rigorous, has been shown to provide order
of megnitude numbers for three geometrically different jets, and a
reagonable relationship between qe/w/Z and Z/D for the circular jet.
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Tt would be worthwhile to examine the equations to determine the in-

fluense of the parameters on qz/W/2. Equatien (10) een be rewritten
in the form:

(Vg/7,)

Equa. (10a)
A

+ L VN
Zc 6 h}

%

Ve A 1+[1+(§.§(1+e)]2

V, Ze(1+€)

vhere Equa. (L)

These two equations wers combined and the first derivative of q6/w/2
was obtained to locate the minimum value. Solutions were found-at
/7e = 0 or o0, (1= € ) = 0, but no solutions between O and o were

aetamdo

The solution of Equation 10a has been represented graphically in
Figure 3 with the relation between Ah/Zc and Z/D for a circular
nozzle.

The Ah/Zc value was calculated for several rectangular jets having
aspect ratles of 1, 6 and 16. An equivalent diameter was then obtained,
the equivalent diameter is defined as the diameter of a circular jet

of the same total eross sectional area as the rectangular jet. Figure

L was then congtructed to present the effect of aspect ratio on the
q 6/w/2 parameter.

The power loading disk loading parameter 2P'7( (/0 A )%/T 3/2 can be
related to the field maximum dynamie pressure.P b N
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Let Ay = 0, (‘Fi_"’_e'd)_‘a'“O-:_ ‘-::‘O}VJV& _-,ﬂ.,__ ;—r.z T
c
and qé/w/e -50

from Equation (9)

. 3. gf% . 2
2ER(OL ) )

Ty (_%g (1 +G¢)

and from Equation (10a)
2
y/ " (14—29])

2”‘7??9"“&)% . Y - % .
n/? A+ we e ;Lci Vel

Therefore, any reduction in qé/w/Z wlll reflect in a reduction in power
loading, which would be desirable, and a high aspect ratio jet would be
desirable when operating in ground effect.
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